Fluid-structure interaction (FSI) means that neither a fluid nor a structural system can be solved independently due to the unknown forces in the interface region. The solution for such problems is based on relations of continuum mean mechanics, solved based on finite element methods, being a computational challenge due to its complex geometry, physics of fluids and the interaction between two physic means (i.e., fluid and structure). FSI simulations are mainly divided into simultaneous (direct) and partitioned (iterative) solution procedures. While in the simultaneous procedure a twoway coupled model was used, in the partitioned procedure the one-way coupled model was chosen to work with. This paper analyses an accident that occurred in a main water supply system, in Lisbon, where due to pressure variation, the pipe system suffered successive movements provoking major displacements and leading to rupture of concrete support blocks. According to the diagnosis made in situ after the accident, several analyses were developed addressing different procedures to simulate the accident and to understand the main causes behind this event.
interaction between the fluid and structure can be solved using different approaches depending on the characteristics, extension and complexity of the problem. Thus, a finite element method (FEM) of FSI consisting of different types and numbers of elements at the fluid structure (FS) interface can be considered in a partitioned or in a simultaneous solver procedure. A partitioned procedure is more accurate in a large-scale model, whereas a simultaneous approach is required for a smaller scale (Park ).
Hence, two coupling methodologies, with different solvers, were used in this study: a partitioned procedure for a one-way coupled and a simultaneous procedure for a twoway coupled. These two procedures were applied in order to assess which best represents the incident that occurred in a real water supply system (WSS). This is a case of interaction that can arise in a typical water pipe system during normal operation. Thus, the phenomenon behind the transference of forces and momentums between the fluid and the pipe wall during the occurrence of flow and structural unsteady conditions is directly related to the safety, reliability and performance of each system type whether WSS, hydraulic circuits of power plants, or industrial pipeline delivery systems (Kratz & Ungar ) .
This research relates to an accident that occurred in a real WSS, caused by a slow closure manoeuvre of a valve during maintenance operations, which led to a significant movement and the consequent rupture of concrete support blocks. Detailed analyses were also carried out based on the diagnosis made in situ, and simulations performed in the affected area of the system.
FUNDAMENTALS
The challenge of understanding and foreseeing problems arising from FSI emerges as an interesting topic in engineering and in the science field as a whole. Valve manoeuvres in a pipe system induce pressure variations that propagate and reflect waves in liquid-filled tubes with steep fronts (Koetzier et al. ) , or the collapse of liquid column separations, leading to dangerous consequences (Bergant et al. ) . Steepfronted waves are prone to excite the structural system resulting in pipe movements. On the other hand, displacements generate pressure oscillations inducing FSI (Tijsseling ) , which are of great relevance when considering hydraulic systems. The timescale of the pipe is lower than the timescale of the fluid and greater than its own excitation, i.e., the propagation velocities and pressure waves are quite different among system components, requiring an integrated analysis that includes the behaviour of different elements of the system (Tijsseling ) . The interaction manifests itself as vibration behaviour and in disturbances in the velocity and pressure variations of the fluid. The additional pressure loads are transmitted to the mechanical supports and may damage them, inducing dangerous dynamic instabilities (Liu et al. ) . Moreover, the fluid flow in a pipe network poses a problem of nonlinear nature, due to the fact that the dependence of the flow rate and pressure is nonlinear
Hence, the analysis of pressure variations is very important in the design stage of any hydraulic system, as well as in the selection of suitable pipe material and resistances, wall thickness, design of protection devices and operation rules, as well as in the diagnosis and monitoring of anomalies in existing systems (Almeida & Ramos ) . At an industrial scale, significant levels of noise and vibrations, or transient events, or even phenomena of cavitation can be generated by singularities in pipe systems (e.g., connections, junctions, divergents/convergents, bends and valves) or external loads, inducing instability in the system operation and even damages in the structure components (Ramos
; Moussou et al. ).
A situation that conveys such events is described by the accident that occurred in the hydroelectric power station of Sayano-Shushenskaya, in Khakassia, Russia in 2009. The report states the accident was primarily caused by turbine vibrations which led to the fatigue and damage of penstock and turbine supports. After the accident, 41 recovered bolts presented fatigue cracks. This violent accident resulted in the flood of the whole turbine engine room and in the collapse of the ceiling of the power station. The entire plant output, totalling 6,400 MW and a significant proportion of the supply to the local electric grid, was lost, leading to widespread power failure in the local area. This accident was an example of many accidents that can occur in real systems, causing the shutdown of hydraulic systems and compromising support structures. Accidents such as this can be associated with FSIs, which, in recent years, have been the subject of several application domains, since they can arise in many different forms. The complexity of the problem relies on creating and developing new studies of concepts and designs, which require complex geometry, time dependence and multiphysics predictive simulation methods. Most of the problems involving FSI are actively approached in different research fields, such as wind turbines 
Structural equations
The Lagrangian equations of motion of structures are
where ρ s and υ s are the solid density and velocity vector of structural displacements, t is time, σ s the Cauchy stress tensor, f B the vector of body forces, G the solid shear modulus and I the identity tensor. F is the deformation tensor that describes the material deformation from the reference (n) to the latest configuration, F ¼ (∇ n x s ) T , in a Lagrangian formulation. The divergence operator in the deformed configuration is represented by (∇·) and det(F ) is the determinant of the deformation tensor.
Fluid flow equations
The equations of motion of an incompressible Newtonian fluid flow can be expressed in ALE formulations
where, in a similar way, ρ f and υ f are the fluid density and velocity,υ f the velocity of the moving ALE frame, σ f the fluid stress tensor, f B the vector of fluid body forces, p f the fluid pressure and I is the identity tensor. The velocity strain (rate-of-strain) tensor D is given by 2D ¼ ∇υ f þ (∇υ f ) T . The divergence and gradient operators are represented by (∇).
From Equation (4) and according to Rugonyi & Bathe () some considerations can be obtained:
is not moving, thus the Euler formulation is used.
the ALE frame is moving with the particles, so the Lagrangian formulation of motion is used.
Coupled fluid and structure equations
In a fluid-structure interface (Γ I ), equilibrium and compatibility equations are conditions that must be satisfied. The equilibrium condition, σ s Á n s þ σ f Á n f ¼ 0 , ensures that the forces are in equilibrium at the interface, where n s and n f are the unit outer normal surface vectors of the fluid and structural domains, respectively. As for the compatibility condition at the interface, u s ¼ u f , it ensures the material will not overlap and no gaps will be formed, u s and u f being the vectors of displacements of the structure and fluid, respectively.
Furthermore, to discretise a FSI problem, it is convenient to apply different meshes for each system, such as in fluid flows, a finer mesh is needed, when employing the Navier-Stokes or Euler equations for the fluid domain, unlike the structure mesh. To guarantee that equilibrium is satisfied, the forces imposed by the fluid onto the structure need to be calculated and used to construct the fully coupled approach. First the stress tensor of the fluid at the interface is calculated, and from the traction values, structural nodal forces imposed by the fluid onto the structure are then obtained. Therefore, as velocities and displacements at the interface are related by the time integration scheme, all the interface degrees of freedom (DOF) can be expressed as displacements (Bathe ) . Using the interpolation functions of the structure, the DOF corresponding to the fluid can be expressed as a function of the structural displacements, allowing a compatibility condition between FS.
Numerical model
FEM can be examined as a powerful tool for the approximate solution of mass and momentum differential equations, allowing the description of different physical processes and being extensively applied in engineering practice to obtain the response of flows and structures behaviour.
FEM is generally required for a structure solver and also The ALE method is characterised by a part of the calculation domain that moves and deforms according to the fluid motion. This movement can be represented by the moving mesh. To ensure that the flow has a physical consistency, it is necessary that the calculation algorithm meets the geometric law of conservation, which requires that, regardless of the movement of the mesh, it is able to maintain a uniform flow of the solution after the deformation. The ALE method rewrites the equations of fluid motion, in order to understand the differences in geometry and therefore the mesh. This reformulation is performed due to a remapping of the domain, starting from an initial configuration to a configuration that occurred in a given time.
SYSTEM CHARACTERISTICS AND SIMULATION MODELS Description of the accident
An accident that occurred in a pumping station of a water (Figure 1 ). After this accident, valve V59 was slowly opened and the system remained without any movement. Figure 1 shows the support block rupture identified in situ and the different displacements measured in the pumping station, respectively. 
Coupled schemes
In the one-way coupled method, the problem is partitioned Then, the fluid domain is modified to fit its new boundaries and the corresponding flow field is found.
In a two-way coupled algorithm, both parts of the FSI problem are solved simultaneously. For this purpose, one system of equations is created after discretising the governing fluid and structural equations and taking into account the boundary conditions on the interface. Hence, the whole FSI problem is solved at once using a simultaneous scheme.
The geometry system between the V59 and the upper zone ( Figure 1) is defined in a 3D software, in order to minimise the number of mesh elements associated with the entire system. Here, two domains are created describing the interior zone (i.e., fluid) and the external volume defined by the pipe thickness (i.e., solid). Both models were simulated in a PC (Intel 5, CPU 3.90 GHz, RAM 8 GB) with four cores and threads running in parallel. average element quality of 75%. The fluid inside the pipe is water, with its own characteristics. As for the structure domain, the total amount of tetrahedral and triangular elements is 57,086 and 37,502 (283,764 DOF), respectively, with an average element quality of 70%. The material applied was steel with a Young modulus of 205 GPa and density of 7,850 kg/m 3 . In the structural model an identity mapping coupling operator was used to couple the total fluid stress on the pipe surfaces (from the flow simulation).
One-way coupling
A partial differential equation interface was used to restrict the evaluation of the coupling operator to a single instant.
The main advantage lies in plotting the stress components of the fluid and applying them to the structural model without re-evaluating the operator coupling. The boundary conditions applied in both domains are described in Figure 2 .
In the fluid flow simulation, the goal was to estimate the initial conditions of the system, before the accident occurred. Thus, a pressure inlet was introduced in the P 0 faces as well as a pressure outlet, indicated by P 1 in Figure 2 .
In the pressure inlet, atmospheric pressure was the input (P 0 ). As for the outlet boundary, a function was introduced in order to describe a slow manoeuvre of a valve V59. The condition given by the closing valve is displayed in Figure 2 .
For the structural mechanics simulation, it was assumed that all pipe walls were fixed, preventing them from moving in the z-axis. Also, fixed constraints were established in the two faces represented by Face 1 and Face 2 ( Figure 2 ). For Face 3, a free displacement in x-axis was also prescribed, and as for Face 4 a spring-damper was introduced in order to simulate the real support conditions in situ.
After the fluid field was solved at a given time instance with an assumed interface location, the resulting fluid pressure and stress were then applied to the structure as external forces.
Two-way coupling
Since the moving fluid particles interact with the solid boundaries inducing the deformation of the structure, which, in turn, affects the flow motion, the problem is therefore fully coupled (Marti et al. ) . Usually an important ingredient of the fully coupled analysis is the fact that the fluid domain can be meshed with a much finer discretisation than the structure. Completely different meshes are thus usually employed for the fluid and the structure, and they must adjoin each other in a compatible manner. For the fluid and structure domains, 59,284 and 49,558 tetrahedral elements were needed to perform the mesh (Figure 2) , respectively, with 61 vertex elements (183 DOF) and 33,512 triangular elements. The total number of DOF is about 427,062 with an average element quality of 76%.
In this model the major differences, apart from how it is structured, lie in the solver simulation. As previous mentioned, the coupled model was solved simultaneously for a time-dependent study. For each instant, pressure and velocity values were reached and mutually affected by the structure displacement.
Simulation results
One-way coupled model
The pressure variation along the CPC pipe length (x-axis) and along the CRE pipe (y-axis) located 25 m from the main pipe (CPC) is described in Figures 3 and 4 . Each line represents the pressure variation for each time instant. In However for the first 2 s, the valve was practically closed but with flow still passing.
As soon as the valve starts to close, the pressure at the downstream end of the pipeline rises changing the pressure condition of the system. At time 2.0 s, a pulse of high pressure in the section immediately downstream of the union of the CPC pipe and CRE pipe is observed. The reservoir is at atmospheric pressure, inducing an unbalanced pressure condition along the CRE pipe. The pressure wave is then reflected in the CRD pipe. A relief wave travels towards the CRD pipe, where the pressure pulse differs from the CRE pipe, due to differences in the pipe section between the two pipes. Here, in CRD pipe, there is exactly the same condition described for the CRE pipe, but with lesser magnitude, until the end of the main pipe (CPC) is reached. Figure 4 shows the pressure variation along the CRE pipe. Up to 2.0 s the pressure is always rising, as soon as the valve is fully closed. Between 3.5 and 4.0 s the pressure oscillates due to the propagation waves that travel along the pipes. According to the Michaud formulation, the differential pressure obtained here is about 34 m, which is similar to the value obtained through this simulation (Figure 4 ).
In the case of slow manoeuvres (i.e., with closure time longer than elastic time T > 2L/c) depressure waves near the valve are still being generated when the reflected waves downstream of the reservoir reach the valve, In Figure 9 , the displacement is presented for the CRE pipe, relative to the two main axes (x and y). As can be seen from Figure 9( Figure 11 shows the comparison of vorticity between one-way and two-way models, respectively. The vorticity becomes stronger along the 20 m from valve section V59, at the maximum velocity. For the same instant, the mean maximum velocity magnitude achieved is different in the one-way and two-way models, respectively. This means that starting from t ¼ 3.5 s, in the two-way model, the structure displacements are felt, providing an increase in the velocity magnitude. For the highest velocity, the vorticity is stronger particularly near the pipe walls of CRE and CRD pipes and downstream of valve V59 (Figure 11 ). In the two-way coupled model (Figure 11(a) 
CONCLUSIONS
The coupling fluid-structure phenomenon is seen in this research as a great approach to describe an accident induced by pressure variation and significant displacements which put the Lisbon WSS and neighbouring municipal water services out of operation. The hydrodynamic pressure tends to be amplified due to the fluid motion created by perturbations, which, in turn, lead to additional structure deformations. Consequently, these deformations will also modify the hydrodynamic pressure. Another important remark is related to the increasing turbulence detected inside the pipe, being an important key factor for the instability of the whole set (e.g., structure behaviour). Even though modelling in 3D formulation takes time and requires The two model approaches together with diagnosis were used in the field to explore and detect the real causes related to the origin of the problem that occurred in the Sintra water conveyance pipe system. In the two-way coupled model, significantly more iterations were required at each time to converge to the solution, when compared to the one-way model. However, although a greater number of DOF were required in the two-way model in order to accurately solve for the fluid flow, when compared to the structural response, iterations were only applied for the nonlinearities of the problem, thereby reducing the calculation time.
Since in this research the problem is compliant, or complex, and the number of structural DOF is significant when compared to the fluid DOF, it is more suitable to solve the coupled equations through the two-way model. If the structure is very flexible, a greater dependency between the two domains occurs, and the solution is coupled. If the structure is rigid and barely deforms, the solution adopted can be the one-way coupled model. In addition, the number of elements has implications on the type of model (e.g., geometry size, singularities and structure's configuration), since with greater complexity comes greater simulation time.
Therefore, it is necessary to verify how to simulate the geometry and what type of models should be used to represent the reality.
Hence, from the two models presented, the one that best describes the accident is the two-way model, due to the system characteristics, such as the geometry, the relation between the DOF in the fluid-structure system and the dynamic behaviour of the fluid-structure in an integrated way (i.e., the influence of the fluid movements in the structure and consequently the displacements of the structure in the fluid oscillations).
